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SEMICONDUCTOR DEVICE HAVING A
GATE AND METHOD OF FORMING THE
SAME

CROSS-REFERENCE TO RELATED
APPLICATION

This application 1s a continuation of U.S. patent applica-
tion Ser. No. 15/204,805, filed Jul. 7, 2016, which 1itself
claims priority under 35 U.S.C. § 119 to Korean Patent
Application No. 10-2015-0132502 filed on Sep. 18, 2015,
the disclosures of which are hereby incorporated by refer-
ence 1n their entireties.

BACKGROUND

Technical Field

Embodiments of the inventive concept relate to a semi-
conductor device having a gate and a method of forming the
same, and an electronic system incorporating the semicon-
ductor device.

Description of Related Art

Recently, research on three-dimensional transistors has
been actively progressing. As the size of three-dimensional
transistors 1s gradually decreasing, a threshold voltage char-
acteristic and the reliability of a gate dielectric are being
gradually degraded.

SUMMARY

In accordance with an embodiment of the inventive
concept, a method of forming a semiconductor device is
provided. The method includes forming a gate dielectric,
forming a first conductive material layer on the gate dielec-
tric, forming a source material layer on the first conductive
material layer, the source material comprising a first ele-
ment, and diffusing the first element into the first conductive
maternal layer by performing a thermal treatment process to
form a conductive doped matenal layer.

In an embodiment, the method may further include
removing the source material layer formed on the doped
material layer.

In an embodiment, the method may further include, after
the removing of the source matenal layer, partially etching
the doped material layer to decrease a thickness of the doped
material layer.

In an embodiment, the method may further include form-
ing a second conductive material layer on the doped material
layer.

In an embodiment, a doping concentration of the first
clement 1n a first portion of the doped material layer may be
higher than that of the first element 1n a second portion of the
doped matenal layer. The first portion 1s farther away from
the gate dielectric than the second portion.

In an embodiment, the first element included 1n the source
material layer may be diffused into the first conductive
material layer and may not be diflused into the gate dielec-
tric during the thermal treatment process.

In an embodiment, the method may further include form-
ing a gate trench which crosses an active region. The gate
dielectric may be formed on an inner wall of the gate trench.

In an embodiment, the method may further include
removing the source maternial layer formed on the doped
material layer, forming a second conductive material layer
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2

on the doped material layer, and etching the second con-
ductive matenial layer and the doped material layer to form
a gate electrode. The first conductive material layer may be
conformally formed on the gate dielectric, the second con-
ductive matenal layer may {ill the gate trench, and the gate
clectrode may partially fill the gate trench.

In an embodiment, an upper end portion of the first
conductive maternial layer of the gate electrode may be
formed at a lower level than an upper end portion of the
second conductive material layer of the gate electrode
relative to the gate dielectric.

In an embodiment, the method may further include form-
ing a sacrificial gate on a semiconductor substrate, forming
an interlayer insulating layer on side surfaces of the sacri-
ficial gate, and removing the sacrificial gate to form a gate
trench. The gate dielectric may be formed on the semicon-
ductor substrate having the gate trench, the first conductive
material layer may be conformally formed on the gate
dielectric, and the second conductive material layer may fill
the gate trench.

In accordance with an embodiment of the nventive
concept, a method of forming a semiconductor device is
provided. The method includes forming a gate trench 1n an
active region, forming a gate dielectric on an inner wall of
the gate trench, forming a conductive material layer on the
gate dielectric, forming a source material layer on the
conductive matenial layer, the source material layer com-
prising a {irst element, and diffusing the first element into the
conductive material layer to form a doped material layer
having a different work function from the conductive mate-
rial layer.

In an embodiment, the method may further include
removing the source matenal layer after the forming of the
doped material layer, and partially etching the doped mate-
rial layer to decrease a thickness of the doped material layer.

In an embodiment, the conductive material layer 1s a first
conductive material layer and the method may further
include removing the source material layer after the forming
of the doped material layer, and forming a second conduc-
tive material layer which fills the gate trench on the doped
matenal layer.

In an embodiment, the method may further include etch-
ing the second conductive material layer and the doped
maternal layer to form a gate electrode. The gate electrode
may partially fill the gate trench.

In an embodiment, the gate dielectric may not include the
first element after the forming of the doped material layer.

In an embodiment, the conductive material layer may be
formed on the gate dielectric and partially fill the gate
trench.

In an embodiment, the method may further include form-
ing an insulating bufler spacer on a side wall of the gate
trench formed on the conductive material layer before the
forming of the source matenal layer.

In accordance with an embodiment of the nventive
concept, a method of forming a semiconductor device is
provided. The method includes forming a gate trench which
crosses an active region, forming a gate dielectric on an
inner wall of the gate trench, conformally forming a first
conductive material layer on the gate dielectric, forming a
source material layer on the first conductive material layer,
the source material layer comprising a first element, diffus-
ing the first element 1nto the first conductive material layer
to form a doped matenial layer having a diflerent work
function from the first conductive material layer, removing
the source material layer formed on the doped material layer,
forming a second conductive material layer on the doped
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maternial layer, and etching the second conductive material
layer and the doped material layer and forming a gate
clectrode which partially fills the gate trench.

In an embodiment, the doped material layer may have a
lower work function than the first conductive material layer.

In an embodiment, the method may further include,
before forming the second conductive material layer, par-
tially etching the doped material layer to decrease a thick-
ness of the doped material layer.

In accordance with an embodiment of the inventive
concept, a semiconductor device 1s provided. The device
includes a gate trench that crosses an active region, a gate
dielectric on an mner wall of the gate trench, a gate electrode
that 1s on the gate dielectric and partially fills the gate trench,
and an 1nsulating capping pattern that 1s on the gate electrode
and fills remaining portions of the gate trench. The gale
clectrode 1mncludes a doped matenal layer and a conductive
material layer formed on the doped matenal layer. The
doped material layer 1s formed of a material with which a
first element 1s doped 1n a metal nitride. The gate dielectric
1s formed of an oxide not including the first element. The
first element 1s an element on a periodic table of elements,
which decreases a work function of the metal nitride.

In an embodiment, a doping concentration of the first
clement 1n a first portion of the doped material layer may be
higher than that of the first element 1n a second portion of the
doped matenal layer. The first portion 1s farther away from
the gate dielectric than the second portion.

In an embodiment, the doped material layer may include
a WN material or TiN and the first element may comprise
La.

In an embodiment, the doped matenal layer may cover
side surfaces and a bottom of the conductive matenal layer.

In an embodiment, an upper end portion of the doped
material layer may be formed at a lower level than an upper
end portion of the conductive material layer relative to the
gate dielectric.

In accordance with an embodiment of the inventive
concept, a method of forming a semiconductor device
includes forming a gate dielectric, forming a conductive
material layer on the gate dielectric, forming a source
maternal layer on the conductive material layer, the source
material being separated from the gate dielectric so as not to
contact the gate dielectric and comprising a first element,
and diffusing the first element into the conductive material
layer by performing a thermal treatment process to form a
doped material layer.

In an embodiment, the conductive material layer may
have a substantially uniform thickness and the conductive
material layer may have a substantially uniform thickness.

In an embodiment, a work function of the conductive
material layer may be higher than a work function of the
doped material layer.

In an embodiment, a doping concentration of the first
clement 1n a first portion of the doped material layer may be
higher than that of the first element 1n a second portion of the
doped matenal layer. The first portion 1s farther away from
the gate dielectric that the second portion.

In an embodiment, the doped material layer may include
one of WN and TiN and the first element may be La.

It 1s noted that aspects of the mnventive concepts described
with respect to one embodiment, may be incorporated 1n a
different embodiment although not specifically described
relative thereto. That i1s, all embodiments and/or features of
any embodiment can be combined in any way and/or com-
bination. These and other aspects of the imnventive concepts
are explained in detail 1n the specification set forth below.
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4
BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other features and advantages of the
inventive concepts will be apparent from the more particular
description of embodiments of the mventive concepts, as
illustrated 1n the accompanying drawings in which like
reference characters refer to the same parts throughout the
different views. The drawings are not necessarily to scale,
emphasis instead being placed upon illustrating the prin-
ciples of the inventive concepts. In the drawings:

FIG. 1 1s a plan view 1illustrating a semiconductor device
in accordance with an embodiment of the imnventive concept;

FIG. 2A 15 a cross-sectional view 1llustrating an example
ol a semiconductor device in accordance with an embodi-
ment of the inventive concept, and FIG. 2B 1s a partially
enlarged view of a portion A of FIG. 2A;

FIG. 3A 1s a cross-sectional view 1llustrating an example
ol a semiconductor device in accordance with an embodi-
ment of the iventive concept, and FIG. 3B 1s a partially
enlarged view of a portion A of FIG. 3A;

FIG. 4A 1s a cross-sectional view 1llustrating an example
ol a semiconductor device i accordance with an embodi-
ment of the inventive concept, and FIG. 4B 1s a partially
enlarged view of a portion A of FIG. 4A;

FIG. 5A 1s a cross-sectional view 1illustrating an example
ol a semiconductor device in accordance with an embodi-
ment of the mventive concept, and FIG. 5B 1s a partially
enlarged view of a portion A of FIG. SA;

FIG. 6 A 1s a cross-sectional view 1llustrating an example
ol a semiconductor device in accordance with an embodi-
ment of the inventive concept, and FIG. 6B 1s a partially
enlarged view of a portion A of FIG. 6A;

FIG. 7A 1s a cross-sectional view 1llustrating an example
of a semiconductor device in accordance with an embodi-
ment of the iventive concept, and FIG. 7B 1s a partially
enlarged view of a portion A of FIG. 7A;

FIG. 8A 1s a cross-sectional view 1illustrating an example
ol a semiconductor device in accordance with an embodi-
ment of the imventive concept, and FIG. 8B 1s a partially
enlarged view of a portion A of FIG. 8A;

FIG. 9 1s a plan view 1illustrating an example of a
semiconductor device 1in accordance with an embodiment of
the 1ventive concept;

FIG. 10 1s a cross-sectional view illustrating an example
of a semiconductor device i accordance with an embodi-
ment of the mventive concept;

FIGS. 11 to 17 are cross-sectional views illustrating an
example of a method of forming a semiconductor device 1n
accordance with an embodiment of the imnventive concept;

FIG. 18 1s a cross-sectional view illustrating an example
of a method of forming a semiconductor device 1n accor-
dance with an embodiment of the mventive concept;

FIGS. 19 to 24 are cross-sectional views illustrating an
example of a method of forming a semiconductor device 1n
accordance with an embodiment of the mventive concept;
and

FIGS. 25 to 32 are cross-sectional views illustrating an
example of a method of forming a semiconductor device 1n
accordance with an embodiment of the inventive concept.

L1

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

Advantages and features of the inventive concept and
methods of accomplishing them will be made apparent with
reference to the accompanying drawings and some embodi-
ments to be described below. The inventive concept may,
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however, be embodied in various different forms, and should
be construed as limited, not by the embodiments set forth
herein, but only by the accompanying claims. Rather, these
embodiments are provided so that this disclosure 1s thorough
and complete and fully conveys the mventive concept to
those skilled 1n the art. In the drawings, the sizes and relative
sizes of layers and regions may be exaggerated for clarity.
The same reference symbols denote the same components
throughout the specification.

Embodiments are described herein with reference to
cross-sectional views, plan views, and/or block diagrams
that are schematic 1llustrations of 1dealized embodiments. As
such, variations from the shapes of the illustrations as a
result, for example, of manufacturing techniques and/or
tolerances, are to be expected. Thus, embodiments should
not be construed as limited to the particular shapes of
regions 1llustrated heremn but are to include deviations in
shapes that result, for example, from manufacturing. There-
fore, regions illustrated i1n the drawings are schematic 1n
nature, and their shapes are not intended to limait the inven-
tive concept but only to illustrate characteristic forms of
regions of devices.

The thicknesses of layers and regions 1n the drawings may
be exaggerated for the sake of clanty. Further, it will be
understood that when a layer 1s referred to as being “on”
another layer or a substrate, the layer may be formed directly
on the other layer or the substrate, or there may be an
intervening layer therebetween. The same reference numer-
als 1ndicate the same components throughout the specifica-
tion.

Terms such as “top,” “bottom,” ‘“upper,” “lower,”
“above,” “below,” and the like are used herein to describe
the relative positions of elements or features. For example,
when an upper part of a drawing 1s referred to as a “top” and
a lower part of a drawing as a “bottom™ for the sake of
convenience, 1n practice, the “top” may also be called a
“bottom™ and the “bottom™ a “top” without departing from
the teachings of the inventive concept.

Furthermore, throughout this disclosure, directional terms
such as “upper,” “intermediate,” “lower,” and the like may
be used herein to describe the relationship of one element or
teature with another, and the inventive concept should not be
limited by these terms. Accordingly, these terms such as
“upper,” “intermediate,” “lower,” and the like may be
replaced by other terms such as “first,” “second,” “third,”
and the like to describe the elements and features.

It will be understood that, although the terms “first,”
“second,” etc. may be used herein to describe various
clements, these elements should not be limited by these
terms. These terms are only used to distinguish one element
from another. Thus, a first element could be termed a second
clement without departing from the teachings of the present
inventive concept.

The terminology used herein to describe embodiments of
the invention 1s not intended to limit the scope of the
inventive concept.

As used herein, the singular forms *“a,” “an,” and “the” are
intended to include the plural forms as well, unless the
context clearly indicates otherwise. It will be further under-
stood that the terms “comprises,” “comprising,” “includes,”
and/or “including,” when used herein, specily the presence
of stated features, integers, steps, operations, clements,
and/or components, but do not preclude the presence or
addition of one or more other features, integers, steps,
operations, elements, components, and/or groups thereof.

Unless otherwise defined, all terms (including technical

and scientific terms) used herein have the same meaning as
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6

commonly understood by one of ordinary skill 1n the art to
which this inventive concept belongs. It will be further
understood that terms, such as those defined 1n commonly
used dictionaries, should be interpreted as having a meaning
that 1s consistent with theirr meaning 1n the context of the
relevant art and this specification and will not be interpreted
in an 1dealized or overly formal sense unless expressly so
defined herein.

As appreciated by the present mventive entity, devices
and methods of forming devices according to various
embodiments described herein may be embodied 1n micro-
clectronic devices such as integrated circuits, wherein a
plurality of devices according to various embodiments
described herein are integrated in the same microelectronic
device. Accordingly, the cross-sectional view(s) illustrated
herein may be replicated 1n two different directions, which
need not be orthogonal, 1n the microelectronic device. Thus,
a plan view of the microelectronic device that embodies
devices according to various embodiments described herein
may include a plurality of the devices 1n an array and/or in
a two-dimensional pattern that 1s based on the functionality
of the microelectronic device.

The devices according to various embodiments described
herein may be 1nterspersed among other devices depending
on the functionality of the microelectronic device. More-
over, microelectronic devices according to various embodi-
ments described herein may be replicated 1n a third direction
that may be orthogonal to the two diflerent directions, to
provide three-dimensional integrated circuits.

Accordingly, the cross-sectional view(s) 1llustrated herein
provide support for a plurality of devices according to
various embodiments described herein that extend along two
different directions in a plan view and/or in three different
directions in a perspective view. For example, when a single
active region 1s 1llustrated in a cross-sectional view of a
device/structure, the device/structure may include a plurality
ol active regions and transistor structures (or memory cell
structures, gate structures, etc., as appropriate to the case)
thereon, as would be illustrated by a plan view of the
device/structure.

FIG. 1 1s a plan view 1illustrating a semiconductor device
according to embodiments of the inventive concept.

FIG. 2A 15 a cross-sectional view 1illustrating an example
ol a semiconductor device in accordance with an embodi-
ment of the inventive concept, and FIG. 2B 1s a partially
enlarged view of a portion A of FIG. 2A.

FIG. 3A 1s a cross-sectional view 1llustrating an example
ol a semiconductor device in accordance with an embodi-
ment of the inventive concept, and FIG. 3B 1s a partially
enlarged view of a portion A of FIG. 3A. FIG. 4A 1s a
cross-sectional view illustrating an example of a semicon-
ductor device i accordance with an embodiment of the
inventive concept, and FIG. 4B 1s a partially enlarged view
of a portion A of FIG. 4A. FIG. 5A 1s a cross-sectional view
illustrating an example of a semiconductor device in accor-
dance with an embodiment of the iventive concept, and
FIG. 5B 1s a partially enlarged view of a portion A of FIG.
5A. FIG. 6 A 1s a cross-sectional view 1llustrating an example
ol a semiconductor device in accordance with an embodi-
ment of the inventive concept, and FIG. 6B 1s a partially
enlarged view of a portion A of FIG. 6A. FIG. 7A 1s a

cross-sectional view illustrating an example of a semicon-
ductor device i accordance with an embodiment of the
inventive concept, and FIG. 7B 1s a partially enlarged view
of a portion A of FIG. 7A. FIG. 8A 1s a cross-sectional view
illustrating an example of a semiconductor device 1 accor-
dance with an embodiment of the mmventive concept, and
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FIG. 8B 1s a partially enlarged view of a portion A of FIG.
S8A. FIGS. 2A, 3A, 4A, 5A, 6A, 7TA, and 8A are cross-
sectional views illustrating a region taken along line I-I' of
FIG. 1.

First, an example of a semiconductor device 1 accor-
dance with an embodiment of the inventive concept will be
described with reference to FIGS. 1, 2A, and 2B.

Referring to FIGS. 1, 2A, and 2B, a semiconductor
substrate 3 may be provided. The semiconductor substrate 3
may be a silicon-containing semiconductor. For example,
the semiconductor substrate 3 may be a single-crystal silicon
substrate.

A field region 6s may be disposed 1n the semiconductor
substrate 3 to define an active region 6a. The field region 6s
may be a shallow trench isolation (STI). For example, the
field region 6s may include a field trench formed in the
semiconductor substrate 3 and an insulating material, which
fills the field trench. The active region 6a may be a {first
conductivity type. The first conductivity type may be a
P-type conductivity type or an N-type conductivity type.

A gate trench 15 may be formed in the semiconductor
substrate 3. The gate trench 15 may cross the active region
6a and extend into the field region 6s. In the gate trench 15,
a bottom of a portion located in the active region 6a may be
located at a higher level than a bottom of a portion located
in the field region 6s.

A first source/drain region 9a and a second source/drain
region 95 may be disposed 1n the active region 6a located at
both sides of the gate trench 15. The first source/drain region
9a and the second source/drain region 96 may be spaced
apart from each other.

A gate electrode 36 and a gate capping pattern 39 may be
disposed 1n the gate trench 135 to be sequentially stacked. The
gate capping pattern 39 may be formed of silicon nitride.
The gate electrode 36 may partially fill the gate trench 15.
An upper surface of the gate electrode 36 may be formed at
a lower level than an upper surface of the active region 6a.

The gate electrode 36 may include a doped material layer
22 and a conductive material layer 34 formed on the doped
maternial layer 22. The doped material layer 22 may cover
side surfaces and a bottom surface of the conductive mate-
rial layer 34. The doped material layer 22 may be formed to
have a generally uniform thickness.

The doped material layer 22 may be formed of a metal
nitride with which a first element 1s doped. The metal nitride
may include a material, such as TiN, WN, or the like. The
first element may be an element on a periodic table of
clements, which may be doped 1n the metal nitride to change
a work Tunction of the metal nitride. For example, when the
active region 6a 1s a P-type conductivity type and the first
and second source/drain regions 9a and 96 each are an
N-type conductivity type, the first element included 1n the
doped matenial layer 22 may be “La.” However, the inven-
tive concept 1s not limited to “La,” and may include any
clement as long as it can change the work function of the
metal nitride. The conductive material layer 34 may be
formed of a metal having a lower resistivity than the doped
matenal layer 22, for example, tungsten. The conductive
material layer 34 may not include the first element.

In an example of the semiconductor device in accordance
with an embodiment of the inventive concept, the gate
clectrode 36 may include the doped matenal layer 22
capable of improving a threshold voltage characteristic of a
transistor and the conductive material layer 34 capable of
improving an electrical resistance characteristic.

A gate dielectric 18 may be disposed on an mner wall of
the gate trench 15. The gate dielectric 18 may be formed on
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a surface of the active region 6a exposed by the gate trench
15. The gate dielectric 18 may be formed of silicon oxide or
s1licon oxide containing nitrogen. The gate dielectric 18 may
be interposed between the gate electrode 36 and the active
region 6a and between the gate capping pattern 39 and the
active region 6a. The gate dielectric 18 may be 1n contact
with the doped matenial layer 22. The doped material layer
22 may include the first element and the gate dielectric 18
may not include the first element.

The formation of the doped material layer 22 may include
forming a source material layer including the first element
on a first conductive material layer not including the first
clement, diffusing the first element included in the source
material layer into the first conductive material layer by
performing a thermal treatment process, changing an etlec-
tive work function of the first conductive material layer, and
removing the source material layer. Therefore, the doped
material layer 22 may be the first conductive matenal layer
with which the first element 1s doped.

In an example, 1n a case of an NMOS transistor, the first
clement may be an element on a periodic table of elements,
such as La or the like, which may be diffused into the first
conductive material layer to change the eflective work
function of the first conductive maternial layer. Therefore a
semiconductor device having the gate electrode 36 capable
of improving a threshold voltage characteristic of a transis-
tor can be provided.

The source material layer for supplying the first element
into the first conductive maternial layer may be formed so as
not to be directly in contact with the gate dielectric 18.
Further, the first element included i1n the source material
layer may be diffused into the first conductive material layer
using a thermal treatment process. Therefore, the first ele-
ment may not be diffused 1nto the gate dielectric 18. By the
process 1n which the first element 1s diffused into the first
conductive material layer to form the doped matenal layer
22, the characteristic of the gate dielectric 18 may not be
changed and/or the reliability thereol may not be degraded.

A bit line structure 212 and a bit line capping pattern 215
may be disposed on the first source/drain region 9a and are
sequentially stacked. The bit line structure 212 may include
a bit line contact portion 203 physically and/or electrically
connected to the first source/drain region 9a and an inter-
connection portion 209 formed on the bit line contact
portion 203. The bit line structure 212 may include an
intermediate portion 206 formed between the bit line contact
portion 203 and the interconnection portion 209. In the bit
line structure 212, the bit line contact portion 203 may be
formed of polysilicon, the interconnection portion 209 may
be formed of a metal, such as tungsten, or the like, and the
intermediate portion 206 may be formed of a material
including a metal silicide and/or a metal nitride. The bit line
capping pattern 215 may be formed of an insulating mate-
rial, such as silicon nitride or the like.

An mterlayer insulating layer 220 may be disposed on
side surfaces of the bit line structure 212 and the bit line
capping pattern 2135. A contact structure 235 may be dis-
posed to pass through the interlayer insulating layer 220 and
to be physically and/or electrically connected to the second
source/drain region 9b.

The contact structure 235 may include a lower contact
pattern 223, a metal silicide layer 226 formed on the lower
contact pattern 223, an upper contact pattern 232 formed on
the metal silicide layer 226, and a conductive barrier layer
229, which covers side surfaces and a bottom surface of the
upper contact pattern 232. The lower contact pattern 223
may be formed of polysilicon. The upper contact pattern 232
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may be formed of a metal material. The conductive barrier
layer 229 may include a metal nitride.

A conductive pad 238 may be disposed on the contact
structure 233. A data storage element 250 capable of storing
data may be disposed on the conductive pad 238. For
example, 1n a case of a dynamic random access memory
(DRAM) device, the data storage element 250 may be a
DRAM cell capacitor. For example, the data storage element
250 may include a first electrode 241 formed on the con-
ductive pad 238, a capacitor dielectric 244 formed on the
first electrode 241, and a second electrode 247 formed on the
capacitor dielectric 244. However, the inventive concept 1s
not limited to a DRAM device, and may be applied to
another memory device, for example, a memory device,
such as a magnetoresistive RAM (MRAM) device or the
like.

The mventive concept 1s not limited to the gate electrode
36 described with reference to FIGS. 2A and 2B, and may
include a gate electrode 36' as disclosed 1n FIGS. 3A and 3B.

The gate electrode 36' will be described with reference to
FIGS. 3A and 3B.

Referring to FIGS. 3A and 3B, the gate electrode 36' may
include a doped material layer 22' and a conductive material
layer 34, of which upper end portions have different heights.
The upper end portion of the doped material layer 22' may
be formed at a lower level than the upper end portion of the
conductive material layer 34. Therefore, leakage current due
to electric field concentration caused by a corner edge of the
gate electrode 36', for example, gate induced drain leakage
(GIDL) can be reduced.

The mnventive concept 1s not limited to the gate dielectric
18 described with reference to FIGS. 2A and 2B, and may
include a gate dielectric 18' as disclosed in FIGS. 4A and 4B.

The gate dielectric 18' will be described with reference to
FIGS. 4A and 4B.

Referring to FIGS. 4A and 4B, the gate dielectric 18' may
include at least two layers. For example, the gate dielectric
18' may include a first gate dielectric 17a and a second gate
dielectric 175.

The first gate dielectric 17a may be formed by thermal
oxidation of the active region 6a exposed by the gate trench
15. The second gate dielectric 176 may be conformally
formed along an inner wall of the gate trench 15. The second
gate dielectric 175 may cover the first gate dielectric 17a and
may conformally cover the inner wall of the gate trench 15
located 1n the field region 6s.

The second gate dielectric 175 may include a high-k
dielectric having higher permittivity than silicon oxide. The
second gate dielectric 175 may be a film deposited using an
atomic layer deposition (ALD) process. The second gate
dielectric 1756 may be S10ON or an oxide including a metal
clement.

The mnventive concept 1s not limited to the gate dielectric
18 and the gate electrode 36 described with reference to
FIGS. 2A and 2B, and may include a gate dielectric 18' and
a gate electrode 36' as disclosed i FIGS. 5A and 5B. The
gate dielectric 18' and the gate electrode 36' will be
described with reference to FIGS. 5A and 5B.

Referring to FIGS. 5A and 3B, the gate dielectric 18' may
include the first gate dielectric 17a and the second gate
dielectric 1756 as described with reference to FIGS. 4A and
4B. The gate clectrode 36' may include the doped material
layer 22' and the conductive matenial layer 34 as described
with reference to FIGS. 3A and 3B.

Next, an example of a semiconductor device in accor-
dance with an embodiment of the inventive concept will be

described with reterence to FIGS. 6 A and 6B.
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Referring to FIGS. 6A and 6B, the active region 6a, the
field region 6s, the gate trench 15, the gate dielectric 18, the
first and second source/drain regions 9a and 95, the bit line
structure 212, the contact structure 235, the conductive pad
238 and the data storage element 250, which are substan-
tially the same as those described with reference to FIGS.
2A and 2B, may be provided.

A gate electrode 136, a gate capping pattern 148, a source
material layer 145, and an insulating bufler spacer 142 may
be disposed in the gate trench 15.

The gate electrode 136 may partially fill the gate trench
15. The gate capping pattern 148 may be disposed on the
gate electrode 136.

The source maternial layer 145 may be disposed between
the gate electrode 136 and the gate capping pattern 148 and
may cover side surfaces of the gate capping pattern 148. The
insulating bufler spacer 142 may be disposed between the
gate capping pattern 148 and an inner wall of the gate trench
15. The msulating bufler spacer 142 may be interposed
between the source material layer 145 and the gate dielectric
18 to separate the source maternial layer 145 from the gate
dielectric 18.

The gate electrode 136 may include a first doped material
layer 122 and a second doped material layer 134 formed on
the first doped material layer 122.

The first doped matenial layer 122 may be 1in contact with
the gate dielectric 18 and conformally formed. The first
doped material layer 122 may cover side surfaces and a
bottom surface of the second doped material layer 134. The
first doped material layer 122 may be formed of a material
with which a first element 1s doped 1n a metal mitride, and the
second doped material layer 134 may be formed of a
material with which the first element 1s doped 1n a metal
material.

In a case of an NMOS transistor, the first doped material
layer 122 may be formed of the same material as the doped
material layer 22 described with reference to FIGS. 2A and
2B, for example, a material with which a first element, such
as “La” or the like, 1s doped 1n a metal nitride, such as TiN,
WN, or the like, and having a lower effective work function
than the metal nitride. The second doped material layer 134
may be formed of a material with which the first element,
such as “La” or the like, 1s doped 1n a metal material, such
as tungsten or the like. The source material layer 145 may be
formed of a maternial including the first element. For
example, the source material layer 145 may be formed of a
material including “La,” for example, a metal oxide such as
LaO or the like.

The insulating bufler spacer 142 may be interposed
between the source material layer 145 and the gate dielectric
18 and may prevent the source material layer 145 from being
directly in contact with the gate dielectric 18. The mnsulating
bufler spacer 142 may be formed of a high-k dielectric. For
example, the insulating builer spacer 142 may be formed of
a material, such as HIS1ON or the like.

The mventive concept 1s not limited to the gate electrode
136 and the source material layer 145 described with refer-
ence to FIGS. 6A and 6B, and may include a gate electrode
136' and a source matenal layer 145" as disclosed 1n FIGS.
7A and 7B. The gate electrode 136' and the source material
layer 145' will be described with reference to FIGS. 7A and
7B.

Referring to FIGS. 7A and 7B, the gate electrode 136' may
include a partially doped first conductive material layer 122
and a partially doped second conductive matenal layer 134",
The first conductive material layer 122' may include a first
portion 122a, which 1s formed as a metal nitride layer and
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1s not doped, and a second portion 1225 with which a first
clement 1s doped in the metal nitride layer. In the first
conductive material layer 122, the second portion 1225 may
be disposed on the first portion 1224a. The metal nitride layer
may be a matenal, such as TiN, WN, or the like. The first
clement may be an element that may change, for example,
may lower a work function of the metal nitride layer. For
example, the first element may be an element, such as “La”
or the like.

The second conductive material layer 134' may include a
first portion 1344 which i1s formed as a metal layer and 1s not
doped, and a second portion 1345 with which the first
clement 1s doped 1n the metal layer. In the second conductive
material layer 134", the second portion 1345 may be dis-
posed on the first portion 134a. The metal layer may be a
material, such as tungsten or the like. Therefore, the second
portions 1226 and 1345 of the first and second conductive
material layers 122' and 134' may be formed by being
commonly doped with the first element.

The source material layer 145" may serve as a source
capable of supplying the first element to the second portions
1226 and 1345H of the first and second conductive material
layers 122' and 134'. The source material layer 145' may be
tformed to have a smaller thickness than the first conductive
maternal layer 122",

The inventive concept 1s not limited to the gate electrode
136' and the insulating bufler spacer 142 described with
reference to FIGS. 7A and 7B, and may include a gate
clectrode 136" and an insulating bufler spacer 142' as
disclosed i FIGS. 8A and 8B. The gate electrode 136" and
the insulating bufler spacer 142' will be described with
reterence to FIGS. 8A and 8B.

Referring to FIGS. 8A and 8B, the gate electrode 136"
may 1nclude a first conductive material layer 123 and a
second conductive material layer 135, of which upper end
portions have diflerent heights. The upper end portion of the
first conductive material layer 123 may be formed at a lower
level than the upper end portion of the second conductive
maternial layer 135.

The first conductive matenial layer 123 may include a first
portion 123a which 1s formed as a metal nitride layer and 1s
not doped, and a second portion 1235 with which a first
clement 1s doped in the metal nitride layer. In the first
conductive material layer 123, the second portion 1235 may
be disposed on the first portion 123a. The metal nitride layer
may be a material, such as TiN, WN, or the like. The first
clement may be an element that may change, for example,
may lower a work function of the metal nitride layer. For
example, the first element may be an element, such as “La”
or the like.

The second conductive material layer 135 may 1nclude a
first portion 135a, which 1s formed as a metal layer and 1s not
doped and a second portion 1356 with which the first
clement 1s doped 1n the metal layer. In the second conductive
matenal layer 135, the second portion 1355 may be disposed
on the first portion 1354. The metal layer may be a material,
such as tungsten or the like. Therelfore, the second portions
1235 and 1355 of the first and second conductive material
layers 123 and 135 may be formed by being commonly
doped with the first element.

An 1nsulating builer spacer 142' may include a first builer
spacer 142q and a second buller spacer 1425. The first butler
spacer 142a may be disposed on the first conductive material
layer 123 of the gate electrode 136" and interposed between
the gate dielectric 18 and the gate capping pattern 148. The
second bufler spacer 1420 may be disposed on the first
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conductive material layer 123 and on side surfaces of a
portion protruding from the second conductive material

layer 135.

Next, an example of a semiconductor device in accor-
dance with an embodiment of the inventive concept will be

described with reference to FIGS. 9 and 10. FIG. 9 15 a plan

view 1llustrating an example of a semiconductor device in
accordance with an embodiment of the mventive concept.
FIG. 10 1s a cross-sectional view illustrating an example of
a semiconductor device 1n accordance with an embodiment
of the mventive concept. FIG. 10 1s a cross-sectional view
illustrating regions taken along lines II-II', III-IIT', IV-IV',
and V-V' of FIG. 9.

Referring to FIGS. 9 and 10, a semiconductor substrate
303 having a first transistor region TR1 and a second
transistor region TR2 may be provided. The first transistor
region TR1 may be an NMOS transistor region, and the
second transistor region TR2 may be a PMOS ftransistor
region.

A field region 306s may be disposed to define a first active
region 306a disposed 1n the first transistor region TR1 of the
semiconductor substrate 303 and a second active region
3065 disposed in the second transistor region TR2 of the
semiconductor substrate 303. The field region 306s may be
an STI. The first and second active regions 306a and 3065
may be different conductivity types.

In an example, each of the first and second active regions
306a and 306> may be formed in a fin active structure
having a portion protruding from the field region 306s.

A first gate electrode 366a may be disposed on the first
transistor region TR1 of the semiconductor substrate 303. A
second gate electrode 3665 may be disposed on the second
transistor region TR2 of the semiconductor substrate 303.

The first gate electrode 366a may cross the first active
region 306a and extend onto the field region 306s, and the
second gate electrode 3665 may cross the second active
region 3065 and extend onto the field region 306s.

The first gate electrode 366a may overlap or face an upper
surface and side surfaces of the protruding portion of the first
active region 306a, and the second gate electrode 3666 may
overlap or face an upper surface and side surfaces of the
protruding portion of the second active region 3065.

The first gate electrode 366a may include a first doped
material layer 358 and a first conductive material layer 364,

and the second gate electrode 36656 may include a second
doped matenal layer 361 and a second conductive material
layer 365.

The first doped material layer 358 may conformally cover
a bottom surface and side surfaces of the first conductive
material layer 364, and the second doped material layer 361
may conformally cover a bottom surface and side surfaces of
the second conductive material layer 365. The first and
second conductive maternial layers 364 and 365 may be
formed of the same metal matenal, for example, tungsten.

The first and second doped matenial layers 358 and 361
may be formed of conductive materials having different
work functions. For example, the first doped material layer
358 may be formed of a metal nitride with which a first
clement, such as La or the like, 1s doped, and the second
doped matenal layer 361 may be formed of a metal nitride
with which a second element, such as Al, Hf, Zr or the like,
1s doped. Therefore, the first and second gate electrodes
366a and 3666 may have different work functions. The first
doped material layer 358 may include the first element, the
second doped material layer 361 may include the second
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clement, and the first and second conductive material layers
364 and 365 may not include the first element and the second
clement.

A first gate dielectric 342a and a second gate dielectric
342b may be disposed on the first and second active regions
306a, 306b. The first gate dielectric 342a may include a first
lower gate dielectric 336a interposed between the first gate
clectrode 366a and the first active region 3064 and a first
upper gate dielectric 339q, which 1s disposed on the first
lower gate dielectric 336a and covers a bottom surface and
side surfaces of the first gate electrode 366a. The first lower
gate dielectric 336a may include a thermal oxide grown
from the first active region 306a. The first upper gate
dielectric 339a may be formed of a dielectric formed using
a deposition process, such as an ALD process, for example,
a high-k dielectric having a higher dielectric constant than
s1licon oxide.

The second gate dielectric 3425 may include a second
lower gate dielectric 3365 interposed between the second
gate electrode 3665 and the second active region 30656 and
a second upper gate dielectric 3395, which 1s disposed on the
second lower gate dielectric 3365 and covers a bottom
surface and side surfaces of the second gate electrode 3665b.
The second lower gate dielectric 3365 may include a thermal
oxide grown from the second active region 306b. The
second upper gate dielectric 3396 may be formed of a
dielectric formed using a deposition process, such as an
ALD process, for example, a high-k dielectric having a
higher dielectric constant than silicon oxide.

An mterlayer insulating layer 330 may be disposed on the
semiconductor substrate 303. The first and second gate
clectrodes 366a and 3660 may pass through the interlayer
insulating layer 330.

An 1nsulating first gate spacer 321a may be disposed
between side surfaces of the first gate electrode 366qa and the
interlayer insulating layer 330, and an 1insulating second gate
spacer 32156 may be disposed between side surfaces of the
second gate electrode 3665 and the interlayer insulating
layer 330.

First source/drain regions 324 may be disposed 1n the first
active region 306a located at both sides of the first gate
clectrode 3664, and second source/drain regions 327 may be
disposed 1n the second active region 3065 located at both
sides of the second gate electrode 3665.

The first gate electrode 366a, the first gate dielectric 342a,
and the first source/drain regions 324 may constitute a first
transistor, and the second gate electrode 3665H, the second
gate dielectric 34256 and the second source/drain regions 327
may constitute a second transistor.

Next, an example of a method of forming the structure of
the semiconductor device described with reference to FIGS.
1. 2A, and 2B will be described with reterence to FIGS. 11
to 17. FIGS. 11 to 17 are cross-sectional views illustrating a
region taken along line of I-I' of FIG. 1.

Referring to FIGS. 1 and 11, a semiconductor substrate 3
may be provided. The semiconductor substrate 3 may be a
silicon-containing semiconductor. For example, the semi-
conductor substrate 3 may be a single-crystal silicon sub-
strate. A field region 6s may be formed in the semiconductor
substrate 3 to define an active region 6a. The field region 6s
may be an STI. For example, the formation of the field
region 6s may 1nclude forming a field trench 1n the semi-
conductor substrate 3 and forming an insulating material that
f1lls the field trench.

By performing a source/drain 1on implantation process, a
first source/drain region 9a and a second source/drain region
96 may be formed in the active region 6a. The first and
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second source/drain regions 9a and 95 may be a conductiv-
ity type opposite to the active region 6a. For example, the
active region 6a may be a P-type conductivity type and the
first and second source/drain regions 9a and 96 each may be
an N-type conductivity type.

A gate mask 12 may be formed on the semiconductor
substrate 3 having the active region 6a and the field region
6s. The gate mask 12 may include a material having an etch
selectivity with respect to a material constituting the active
region 6a and a material constituting the field region 6s.

A gate trench 15 may be formed by etching the active
region 6a and the field region 6s using the gate mask 12 as
an etch mask. The gate trench 15 may cross the active region
6a and extend into the field region 6s. In the gate trench 15,
a portion formed 1n the field region 6s may be formed to
have a greater depth than a portion formed 1n the active
region 6a. For example, when the active region 6a and the
field region 6s are etched using the gate mask 12 as an etch
mask to form the gate trench 15, the field region 6s may be
ctched to have a greater depth than the active region 6aq.
Therefore, in a bottom surface of the gate trench 135, side
surfaces of the active region 6a may be exposed. The gate
trench 15 may pass between the first source/drain region 9a
and the second source/drain region 96 and separate the first
source/drain region 9a from the second source/drain region
95b.

Retferring to FIGS. 1 and 12, a gate dielectric 18 may be
formed on the semiconductor substrate 3 having the gate
trench 15. The gate dielectric 18 may be formed on the
active region 6a exposed by the gate trench 15. The gate
dielectric 18 may be formed on an inner wall of the gate
trench 15. The gate dielectric 18 may be formed on a surface
of the active region 6a exposed by the gate trench 15.

In an example, the formation of the gate dielectric 18 may
include forming an oxide on the active region 6a exposed by
the gate trench 15 by performing an oxidation process on the
semiconductor substrate 3 having the gate trench 15. The
oxidation process may include a thermal oxidation process.

The gate dielectric 18 may be formed of silicon oxide or
silicon oxide containing nitrogen.

In an example, the formation of the gate dielectric 18 of
the silicon oxide containing nitrogen may include forming
silicon oxide on the active region 6a exposed by the gate
trench 15 by performing a thermal oxidation process and
doping nitrogen 1n the silicon oxide by performing a nitrid-
ing process on the silicon oxide.

A first conductive material layer 21 may be conformally
formed on the semiconductor substrate 3 having the gate
dielectric 18. The first conductive matenal layer 21 may be
formed to cover the gate dielectric 18 so as to have a
generally uniform thickness. The first conductive material
layer 21 may be formed of a metal nitride, for example, TiN
or WN.

A source material layer 24 may be formed on the first
conductive material layer 21. The source material layer 24
may be formed of a material including a first element. The
source maternial layer 24 may be a metal oxide including the
first element. In an example, the first element may be a metal
clement. The first element may be an element on a periodic
table of elements, which may change a work function of the
first conductive matenal layer 21.

In a case of an NMOS transistor, the source matenal layer
24 may be formed of a material including LaO. The first
clement may be “La,” which may lower the work function
of the first conductive material layer 21. However, the
inventive concept 1s not limited thereto. For example, a
material including the element, which may lower the work
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function of the first conductive material layer 21, may be
used as the source material layer 24 1n accordance with an
embodiment of the inventive concept.

Referring to FIGS. 1 and 13, by performing a thermal
treatment process 27, the first element included 1n the source
material layer 24 may be diflused into the first conductive
material layer 21 and, thus, the first conductive material
layer 21 may be formed to be a doped material layer 21a.

In an example, 1n a case of an NMOS transistor, the doped
material layer 21a may include the first element and may
have a lower eflective work function than the first conduc-
tive material layer 21 (illustrated FIG. 12).

Referring to FIGS. 1, 14A, and 14B, the source material
layer 24 (illustrated in FIG. 13) formed on the doped
matenal layer 21a (illustrated 1n FIG. 13) may be removed
by performing an etching process.

After the source matenial layer 24 (illustrated 1n FI1G. 13)
1s removed, a doped material layer 215 of which a thickness
1s decreased may be formed. The formation of the doped
material layer 215 of which the thickness 1s decreased may
include partially etching the doped material layer 21a (1llus-
trated in FIG. 13) and decreasing the thickness of the doped
material layer 21a (1llustrated in FIG. 13) after the source
material layer 24 1s removed. For example, after the source
material layer 24 (1llustrated FI1G. 13) 1s removed, the doped
matenial layer 21a (illustrated 1n FIG. 13) having a first
thickness t0 may be partially etched to form the doped
matenal layer 215 having a second thickness t1 smaller than
the first thickness t0.

In FIG. 14B, a region represented by “E” may refer to a
region 1n which the thickness of the doped material layer 214
(1llustrated 1 FIG. 13) 1s decreased.

Referring to FIGS. 1 and 15, a second conductive material
layer 33 may be formed on the doped material layer 215 of
which the thickness i1s decreased. The second conductive
material layer 33 may fill the gate trench 15. The second
conductive material layer 33 may be formed of a metal
having a lower resistivity than the doped material layer 215.
For example, the second conductive material layer 33 may
include tungsten.

Referring to FIGS. 1 and 16, the second conductive
matenal layer 33 (illustrated in FIG. 15) and the doped
matenal layer 215 (illustrated in FIG. 15) may be partially
etched, and then a gate electrode 36 having a partially etched
conductive material layer 34 and a partially etched doped
material layer 22 may be formed. The gate electrode 36 may
partially fill the gate trench 15. An upper surface of the gate
clectrode 36 may be formed at a lower level than an upper
surface of the active region 6a.

Referring to FIGS. 1 and 17, an insulating gate capping
pattern 39 may be formed on the gate electrode 36 to fill
remaining portions of the gate trench 135. The gate capping
pattern 39 may be formed of silicon nitride.

In an example, the formation of the gate capping pattern
39 may include deposing an insulating material layer on the
semiconductor substrate 3 having the gate electrode 36,
planarizing the msulating maternial layer until the gate mask

12 (illustrated 1n FIG. 16) 1s exposed, and removing the gate
mask 12 (illustrated in FIG. 16).

Referring to FIGS. 1, 2A, and 2B, a bit line structure 212
and a bit line capping pattern 2135 formed on the bit line
structure 212 may be formed on the first source/drain region
Qa.

The bit line structure 212 may include a contact portion
203 physically and/or electrically connected to the first
source/drain region 9a and an interconnection portion 209
formed on the contact portion 203. The bit line structure 212
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may include the contact portion 203 and an intermediate
portion 206 formed on the interconnection portion 209. In
the bit line structure 212, the contact portion 203 may be
formed of polysilicon, the interconnection portion 209 may
be formed of a metal, such as tungsten or the like, and the
intermediate portion 206 may be formed of a material
including a metal silicide and/or a metal nitride. The bit line
capping pattern 215 may be formed of an insulating material
such as silicon nitride or the like.

An terlayer msulating layer 220 may be formed on side
surfaces of the bit line structure 212 and the bit line capping
pattern 213.

A contact structure 235 may be formed to pass through the
interlayer msulating layer 220 and to be physically and/or
clectrically connected to the second source/drain region 95.
The contact structure 235 may include a lower contact
pattern 223, a metal silicide layer 226 formed on the lower
contact pattern 223, an upper contact pattern 232 formed on
the metal silicide layer 226, and a conductive barrier layer
229, which covers the side surfaces and a bottom surface of
the upper contact pattern 232. The lower contact pattern 223
may be formed of polysilicon. The upper contact pattern 232
may be formed of a metal material. The conductive barrier
layer 229 may include a metal nitride.

A conductive pad 238 may be formed on the contact
structure 233. A data storage element 250 capable of storing,
data may be formed on the conductive pad 238. For
example, 1n a case of a DRAM device, the data storage
clement 250 may be a DRAM cell capacitor. For example,
the data storage element 250 may include a first electrode
241 formed on the conductive pad 238, a capacitor dielectric
244 formed on the first electrode 241, and a second electrode
247 formed on the capacitor dielectric 244. However, the
inventive concept 1s not limited to a DRAM device, and may
be applied to other types of memory devices, for example,
a memory device, such as an MRAM device or the like.

According to an embodiment of the inventive concept, a
method of forming a semiconductor device having a gate
and the semiconductor device manufactured by the method
may be provided. The gate may include a gate dielectric 18
not including a first element and a gate electrode 36 includ-
ing the first element. The gate electrode 36 may include a
doped matenial layer 22 including the first element. The
formation of the doped material layer 22 may include
forming the source material layer 24 (illustrated in FIG. 12)
including the first element on the first conductive material
layer 21 (illustrated in FIG. 12) not including the first
clement, and diflusing the first element included in the
source material layer 24 (illustrated in FI1G. 12) into the first
conductive material layer 21 (llustrated in FIG. 12) by
performing the thermal treatment process 27 (illustrated in
FIG. 13).

The first element included 1n the source material layer 24
(1llustrated 1n FIG. 12) may be diflused into the first con-
ductive material layer 21 (illustrated in FIG. 12) by the
thermal treatment process 27 (illustrated in FIG. 13) to
change an eflective work function of the first conductive
material layer 21 (illustrated in FI1G. 12). For example, 1n a
case of an NMOS ftransistor, the first element may be an
clement on a periodic table of elements, for example, La,
which 1s diflused into the first conductive material layer 21
(1llustrated 1n FI1G. 12) to lower the eflective work function
of the first conductive material layer 21 (illustrated 1n FIG.
12). Therefore, the semiconductor device having the gate
capable of improving a threshold voltage characteristic of a
transistor can be provided.
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The first conductive matenal layer 21 (illustrated in FIG.
12) may be formed to have a generally uniform thickness.
Also, the source material layer 24 (illustrated in FIG. 12)
may be formed to have a generally uniform thickness.
Theretore, the first element included in the source material
layer 24 (illustrated in FIG. 13) may be generally uniformly
diffused from a surface of the first conductive material layer
21 (1llustrated in FIG. 12) 1nto the first conductive material
layer 21 (illustrated in FIG. 12) by the thermal treatment
process 27 (1llustrated in FIG. 13) to form the doped material
layer 21a (illustrated in FIG. 13) including the first element.
Therefore, because the doped material layers 21a and 22
(1llustrated in FIGS. 13 and 2A) each are formed to have a
generally uniform property, a distribution characteristic of
the semiconductor device can be improved.

The gate in accordance with an embodiment of the
imventive may include the gate electrode 36 including the
doped matenial layer 22 capable of improving a threshold
voltage characteristic of a transistor, and the conductive
material layer 34 having an improved electrical resistance
characteristic, by including the first element. The conductive
material layer 34 may not include the first element and may
be formed of a metal material having a lower resistivity than
the doped matenal layer 22, for example, W.

The source matenal layer 24 (illustrated 1in FIG. 12) for
supplying the first element into the first conductive material
layer 21 (illustrated 1n FIG. 12) may be formed so as not to
be directly in contact with the gate dielectric 18 (1llustrated
in FIG. 12). Further, the first element included in the source
material layer 24 (illustrated 1n FI1G. 12) 1s diffused into the
first conductive material layer 21 (illustrated in FIG. 12)
using the thermal treatment process 27 (illustrated 1n FIG.
13), the first conductive matenial layer 21 (illustrated 1n FIG.
12) may formed to the doped material layer 24 (illustrated 1n
FIG. 13) including the first element, and the first element
may not be diffused into the gate dielectric 18 (illustrated in
FIG. 13). Therefore, by the thermal treatment process 27
(1llustrated in FIG. 13) 1n which the first element 1s diffused
into the first conductive material layer 21 (illustrated 1n FIG.
12), the electrical characteristic of the gate dielectric 18
(1llustrated 1n FIG. 13) may not be changed or the reliability
thereof may not be degraded. That 1s, while the electrical
characteristic and reliability of the gate dielectric 18 (illus-
trated in FIG. 13) are not degraded, the first element may be
selectively diffused into the first conductive material layer
21 (1llustrated in FI1G. 12) to form the doped material layer
24 (1llustrated 1n FIG. 13). Therefore, while the electrical
characteristic and reliability of the gate dielectric 18 are not
degraded, a method of changing an effective work function
ol a material of the gate electrode 36 in contact with the gate
dielectric 18 can be provided.

In an example of the method of forming the semiconduc-
tor device 1 accordance with an embodiment of the inven-
tive concept, the method of forming the gate electrode 36 1s
not limited to the method described with reference to FIGS.
12 to 16. An example of a method of forming the gate
clectrode 36, according to some embodiments of the inven-
tive concept, will be described with reference to FIG. 18.
FIG. 18 1s a cross-sectional view illustrating a region taken
along line I-I' of FIG. 1.

Referring to FIG. 18, the semiconductor substrate 3
having the second conductive material layer 33 (illustrated
in FIG. 15) may be provided using the same method as
described with reference to FIGS. 11 to 15. Next, the second
conductive material layer 33 (illustrated 1n FIG. 135) and the
doped material layer 215 (llustrated in FIG. 15) may be
partially etched to form a gate electrode 36' including a
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conductive material layer 34 formed by being partially
ctched and the doped material layer 22' formed by being
partially etched. An upper end portion of the doped material
layer 22' may be formed at a lower level than an upper end
portion ol the conductive material layer 34. Next, as
described with reference to FIG. 17, the process of forming
the 1nsulating gate capping pattern 39 may be performed.
Theretore, as described with reference to FIGS. 3A and 3B,
the gate electrode 36' may be formed.

In an example of the method of forming the semiconduc-
tor device 1n accordance with an embodiment of the mven-
tive concept, the method of forming the gate dielectric 18 1s
not limited to the method described with reference to FIG.
12. An example of a method of forming the gate dielectric
18 will be described with reference to FIGS. 4A and 4B.

Referring to FIGS. 4A and 4B, the semiconductor sub-
strate 3 having the gate trench 15 (1llustrated in FIG. 11) may
be provided as described with reference to FIG. 11. Next, by
performing a thermal oxidation process, the active region 6a
exposed by the gate trench 15 may be oxidized to form a first
gate dielectric 17a.

In an example, a process 1n which nitrogen 1s included 1n
the first gate dielectric 17q, for example, a plasma nitriding
process may also be performed.

By performing a deposition process, a second gate dielec-
tric 176 may be conformally formed on the semiconductor
substrate 3 having the first gate dielectric 17a. The second
gate dielectric 176 may include a high-k dielectric having
higher permittivity than silicon oxide. The second gate
dielectric 176 may be a film deposited using an ALD
process. The second gate dielectric 175 may be S1ON or an
oxide including a metal element.

Next, a process of forming the first conductive material
layer 21 and the source material layer 24 described 1n FIG.
12 may be performed, and then a semiconductor process
may be performed using the method described 1n FIGS. 13
to 17.

In an example of the method of forming the semiconduc-
tor device 1n accordance with an embodiment of the inven-
tive concept, the method of forming the gate dielectric 18
and the gate electrode 36 1s not limited to the method
described with reference to FIGS. 12 to 16. An example of
a method of forming the gate dielectric 18 and the gate
clectrode 36 will be described with reference to FIGS. 5A
and 5B.

Referring to FIGS. SA and 5B, the semiconductor sub-
strate 3 having the gate trench 15 (1llustrated in FIG. 11) may
be provided as described 1n FIG. 11. Next, the active region
6a exposed by the gate trench 15 may be oxidized by
performing a thermal oxidation process to form a first gate
dielectric 17a, and a second gate dielectric 175 may be
conformally formed on the semiconductor substrate 3 hav-
ing the first gate dielectric 17a by performing a deposition
process. Therefore, a gate dielectric 18' including the first
and second gate dielectrics 17a and 175 may be formed.

Next, the process of forming the first conductive material
layer 21 (illustrated in FIG. 12) and the source material layer
24 (1llustrated 1n FIG. 12) described with reference to FIG.
12 may be performed, and then the doped material layer 215
(1llustrated 1n FIG. 15) and the second conductive material
layer 33 may be formed using the method described with
reference to FIGS. 13 to 15.

Next, the second conductive matenal layer 33 (1llustrated
in FIG. 15) and the doped material layer 215 (illustrated 1n
FIG. 15) may be partially etched to form a gate electrode 36
including the conductive material layer 34 formed by being
partially etched and the doped material layer 22' formed by
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being partially etched. An upper end portion of the doped
material layer 22' may be formed at a lower level than an
upper end portion of the conductive material layer 34. Next,
a process of forming the insulating gate capping pattern 39
may be performed as described 1n FIG. 17. Therelore, as
described with reference to FIGS. 5A and 5B, the gate

dielectric 18' and the gate electrode 36' may be formed.

Next, an example of a method of forming the semicon-
ductor device 1 accordance with an embodiment of the
inventive concept described with reference to FIGS. 6 A and
6B will be described with reference to FIGS. 19 to 24. FIGS.
19 to 24 are cross-sectional views illustrating a region taken
along line I-I' of FIG. 1.

Referring to FIGS. 1 and 19, as described 1n FIG. 11, a

field region 6s may be formed 1n a semiconductor substrate
3 to define an active region 6a, a first source/drain region 9a
and a second source/drain region 96 may be formed 1n the
active region 6a, a gate mask 12 may be formed on the
semiconductor substrate 3 having the active region 6a and
the field region 6s, and a gate trench 15 may be formed by
ctching the active region 6a and the field region 6s using the
gate mask 12 as an etch mask.

As described with reference to FIG. 12, a gate dielectric
18 may be formed on the semiconductor substrate 3 having
the gate trench 15, and a first conductive material layer 121
may be conformally formed on the semiconductor substrate
3 having the gate dielectric 18. The gate dielectric 18 may
be formed on the active region 6a exposed by the gate trench
15. A second conductive matenial layer 133 may be formed
on the first conductive material layer 121 to fill the gate
trench 15. The first conductive material layer 121 may be
formed of a metal nitride, for example, TiN or WN, and the
second conductive material layer 133 may be formed of a
metal material, for example, tungsten.

Referring to FIGS. 1 and 20, the second conductive
material layer 133 (illustrated in FIG. 19) and the first
conductive matenial layer 121 (1llustrated in FIG. 19) may be
partially etched to form a partially etched second conductive
maternial layer 133a and a partially etched first conductive
maternial layer 121a. The second conductive material layer
133a and the first conductive material layer 121a may
partially fill the gate trench 15.

Referring to FIG. 21, an insulating bufler spacer 142 may
be formed on a side wall of the gate trench 15 located above
the first and second conductive material layers 121a and
133a. The insulating builer spacer 142 may be formed of a
high-k dielectric. For example, the msulating bufler spacer
142 may be formed of a material, such as HIS1ON or the
like.

Referring to FIG. 22, a source material layer 145 may be
formed on the semiconductor substrate 3 having the insu-
lating bufler spacer 142. The source material layer 145 may
be formed of a material including a first element, for
example, a metal oxide mncluding an element, such as La or
the like.

Referring to FIG. 23, by performing a thermal treatment
process 146, the first element included 1n the source material
layer 145, for example, an element, such as La or the like,
may be diffused into the first and second conductive material
layers 121a and 133q (illustrated in FIG. 22) to form {irst
and second doped matenal layers 122 and 134. The first
conductive matenal layer 121q (illustrated 1in FIG. 22) may
be formed 1nto a first doped material layer 122 of which a
work function 1s changed while including the first element.
The second conductive material layer 133a (illustrated 1n
FIG. 22) may be formed into a second doped material layer
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134 while including the first element. The first and second
doped material layers 122 and 134 may constitute a gate

electrode 136.

Next, an insulating gate capping pattern 148 may be
formed on the source material layer 145 to fill remaining
portions of the gate trench 15. The gate capping pattern 148
may be formed of silicon nitride.

In an example, the formation of the gate capping pattern
148 may include depositing an insulating material layer on
the semiconductor substrate 3 having the gate electrode 136,
planarizing the mnsulating maternial layer until the gate mask
12 (illustrated 1n FIG. 23) 1s exposed, and removing the gate

mask 12 (illustrated 1in FIG. 23).
In an example, the gate electrode 136 i1s formed, the

source material layer 145 1s removed, and then the process
of forming the gate capping pattern 148 may also be
performed.

Referring to FIGS. 1, 6 A, and 6B, the gate electrode 136

and the gate capping pattern 148 are formed, and then the
processes of forming the bit line structure 212, the contact
structure 235, and the data storage element 250 may be
sequentially performed as described 1n FIGS. 2A and 2B.

The inventive concept 1s not limited to the method of
forming the source material layer 1435 and the gate electrode
136 described with reference to FIGS. 22 and 23. An
example of the method of forming the source material layer
145 and the gate electrode 136 will be described with
reference to FIGS. 7A and 7B.

Referring to FIGS. 1, 7A, and 7B, using the same method
as described with reference to FIGS. 19 to 21, a semicon-
ductor substrate 3 having the first and second conductive
material layers 121a and 133a, and the insulating bufler
spacer 142 may be provided. After a source material layer 1s
formed on the semiconductor substrate 3 having the insu-
lating bufler spacer 142, a first element included in the
source material layer may be diflused into upper regions of
the first and second conductive material layers 121a and
133a by performing a thermal treatment process to form a
gate electrode 136' including partially doped first and second
conductive material layers 122' and 134'. The first conduc-
tive material layer 122' may include a first portion 122a in
which the first element 1s not doped and a second portion
12256 with which the first element 1s doped. The second
conductive material layer 134' may include a first portion
134a 1n which the first element 1s not doped and a second
portion 1345 with which the first element 1s doped.

The inventive concept 1s not limited to the method of
forming the source material layer 1435 and the gate electrode
136 described with reference to FIGS. 20 to 23. An example
of the method of forming the source material layer 145 and
the gate electrode 136 will be described with reference to
FIGS. 8A and 8B.

Retferring to FIGS. 1, 8A, and 8B, a semiconductor
substrate 3 having the first and second conductive material
layers 121 and 133 may be provided as described with
reference to FIG. 19.

The first and second conductive material layers 121 and
133 may be partially etched to form a partially etched first
conductive maternial layer and a partially etched second
conductive material layer. An upper end portion of the
partially etched first conductive matenial layer may be
formed at a lower level than an upper end portion of the
partially etched second conductive matenal layer.

An 1nsulating spacer material layer may be conformally
formed on the semiconductor substrate 3 having the partially
etched first and second conductive material layers, and the
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spacer material layer may be amisotropically etched to form
an insulating bufler spacer 142"

Next, a source material layer 143 may be conformally
formed on the semiconductor substrate 3 having the insu-
lating bufler spacer 142', a first element included in the
source material layer 145' may be diflused into upper
regions of the first and second conductive material layers
123 and 135 by performing a thermal treatment process to
form doped portions 1235 and 135b. Therefore, a gate
clectrode 136" including the first and second doped material
layers 123 and 115 may be formed as described with
reference to FIGS. 8A and 8B.

Next, an example of a method of forming a structure of
the semiconductor device described with reference to FIGS.
9 and 10 will be described with reference to FIGS. 25 to 32.
FIGS. 25 to 32 are cross-sectional views 1llustrating regions
taken along lines II-II', III-III', IV-IV', and V-V' of FIG. 9.

Referring to FIGS. 9 and 25, a semiconductor substrate
303 having a first transistor region TR1 and a second
transistor region TR2 may be provided. The first transistor
region TR1 may be an NMOS transistor region, and the
second transistor region TR2 may be a PMOS ftransistor
region.

A field region 306s may be formed to define a first active
region 306a 1n the first transistor region TR1 of the semi-
conductor substrate 303 and a second active region 3065 1n
the second transistor region TR2 of the semiconductor
substrate 303. The field region 306s may be an STI.

In an example, each of the first and second active regions
306a and 3060 may be formed i1n a fin active structure
having a portion protruding from the field region 306s.

A first sacrificial gate structure 318a, which crosses the
first active region 306a and extends onto the field region
3065, and a second sacrificial gate structure 31856, which
crosses the second active region 3065 and extends onto the
field region 306s may be formed.

The first sacrificial gate structure 3184 may include a base
insulating pattern 312a, a lower sacrificial pattern 314q, and
an upper sacrificial pattern 316a, which are sequentially
stacked. The second sacrificial gate structure 3185 may
include a base insulating pattern 3126, a lower sacrificial
pattern 3145, and an upper sacrificial pattern 3165, which
are sequentially stacked. The base insulating patterns 312a
and 3125 may be formed of silicon oxide, the lower sacri-
ficial patterns 314a and 3145 may be formed of polysilicon,
and the upper sacrificial patterns 316a and 3165 may be
tformed of silicon nitride.

A first gate spacer 321a may be formed on side surfaces
of the first sacrificial gate structure 318a, and a second gate
spacer 32156 may be formed on side surfaces of the second
sacrificial gate structure 318b. The first and second gate
spacers 321a and 32156 each may be formed of an insulating
material.

First source/drain regions 324 may be formed 1n the first
active region 306a located at both sides of the first sacrificial
gate structure 318a. Second source/drain regions 327 may
be formed in the second active region 3065 located at both
sides of the second sacrificial gate structure 3185.

Referring to FIGS. 9 and 26, an msulating layer may be
formed on the semiconductor substrate 303 having the first
and second gate spacers 321a and 3215, and the msulating
layer may be planarized until upper surfaces of the first and
second sacrificial gate structures 318a and 3185 are exposed
to form an interlayer insulating layer 330.

Referring to FIGS. 9 and 27, the first sacrificial gate
structure 318a may be removed to form a first gate trench
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3334, and 1n addition, the second sacrificial gate structure
3185 may be removed to form a second gate trench 3335.

A first gate dielectric 342a may be formed on an 1nner
wall of the first gate trench 333a, and a second gate dielectric
342bH may be formed on an mner wall of the second gate
trench 3335.

The first gate dielectric 3424 may include a first lower
gate dielectric 336a interposed between the first gate elec-
trode 366a and the first active region 306a, and a first upper
gate dielectric 339q, which is disposed on the first lower gate
dielectric 336a and covers a bottom surface and side sur-
faces of the first gate electrode 366a. The first lower gate
dielectric 3364 may include a thermal oxide grown from the
first active region 306a by performing a thermal oxidation
process. The first lower gate dielectric 336a may be formed
ol a dielectric formed using a deposition process, such as an
ALD process, for example, a high-k dielectric having a
higher dielectric constant than silicon oxide.

The second gate dielectric 3426 may include a second
lower gate dielectric 33656 interposed between the second
gate electrode 3666 and the second active region 3065, and
a second upper gate dielectric 3395 which 1s disposed on the
second lower gate dielectric 3365 and covers a bottom
surface and side surfaces of the second gate electrode 3665b.
The second lower gate dielectric 3365 may include a thermal
oxide grown from the second active region 3065 by per-
forming a thermal oxidation process. The second lower gate
dielectric 3366 may be formed of a dielectric formed using
a deposition process, such as an ALD process, for example,
a high-k dielectric having a higher dielectric constant than
s1licon oxide.

A lower conductive material layer 345 may be formed on
the semiconductor substrate 303 having the first and second
gate dielectrics 342a and 342b. The lower conductive mate-
rial layer 345 may include a conductive material including
nitrogen, for example, TiN.

Referring to FIGS. 9 and 28, a first source material layer
348 including a first element may be formed on the lower
conductive material layer 345. The first source material layer
348 may be formed of a metal oxide, such as LaO or the like,
including the first element, such as La or the like.

Referring to FIGS. 9 and 29, the first source matenal layer
348 located on the second transistor region TR2 may be
selectively removed. Therefore, a remaining first source
material layer 348a may be formed on the first transistor
region TR1.

Referring to FIGS. 9 and 30, a second source material
layer 3515 may be selectively formed on the lower conduc-
tive material layer 345 located on the second transistor
region TR2. For example, a second source material layer
including a second element may be formed on the semicon-
ductor substrate 303 having the remaining first source mate-
rial layer 348a, and then the second source material layer
located on the first transistor region TR1 may be selectively
removed to form the remaining second source material layer
35156 on the second transistor region TR2.

The second source material layer 3515 may be a different
maternial from the first source material layer 348a. For
example, the first source matenal layer 348a may be a metal
oxide including the first element, for example, La, and the
second source material layer 3515 may be a metal oxide
including a second element different from the first element,
for example, Al, Hi, or Zr.

Referring to FIGS. 9 and 31, by performing a thermal
treatment process 354, the first element included 1n the first
source material layer 348a may be diffused into the lower
conductive material layer 345 (1llustrated in FIG. 30) to form




US 10,886,230 B2

23

a first doped material layer 357, and the second element
included 1n the second source material layer 3515 may be
diffused 1nto the lower conductive matenal layer 345 (1llus-
trated 1n FIG. 30) to form a second doped material layer 360.
Theretfore, the first and second doped material layers 357
and 360 may be formed of materials including different
clements from each other. For example, the first doped
material layer 357 may be formed of a metal nitride 1includ-
ing La, and the second doped material layer 360 may be
formed of a metal nitride including Al, Hi, or Zr.

Referring to FIGS. 9 and 32, an upper conductive material
layer 363 may be formed on the semiconductor substrate
303 having the first and second doped material layers 357
and 360 to fill the first and second gate trenches 333a and
333H6. The upper conductive material layer 363 may be
formed of a metal material, such as tungsten or the like.

Referring again to FIG. 10, the upper conductive material
layer 363, and the first and second doped material layers 357
and 360 may be planarized until the interlayer insulating
layer 330 1s exposed to form a first gate electrode 366a
defined in the first gate trench 333a and a second gate
clectrode 366H defined 1n the second gate trench 3335.

The semiconductor device formed using the method of
forming the semiconductor device according to the embodi-
ments of the mventive concept may be used to make a
semiconductor package as a part, and the part may be used
in various electronic systems and commercialized. For
example, the semiconductor device formed using the
method of forming the semiconductor device according to
the embodiments of the mventive concept may be used 1n a
portable communication device, a smart phone, a tablet PC,
a portable electronic system in which the Internet web
surfing 1s possible, an electronic system for storing and
playing music or video files, a navigation device, a solid
state disk (SSD), a table computer, an automobile and a
home appliance.

According to the embodiments of the inventive concept,
a method of forming a semiconductor device having a gate
and the semiconductor device manufactured by the method
can be provided.

The gate according to the embodiments of the inventive
concept may include a gate dielectric not including a first
clement and a gate electrode including the first element. The
gate electrode may include a doped matenal layer including
the first element. The formation of the doped material layer
may include forming a source material layer including the
first element on a first conductive material layer not includ-
ing the first element, and diffusing the first element included
in the source matenal layer into the first conductive material
layer by performing a thermal treatment process.

The first element may be diffused into the first conductive
material layer to change a work function of the first con-
ductive maternial layer. For example, 1n a case of an N-chan-
nel mosiet transistor (NMOS) transistor, the first element
may be an element on a periodic table of elements, for
example, La, which may lower the eflective work function
of the first conductive material layer by being diffused into
the first conductive material layer. Therefore, a semiconduc-
tor device having a gate capable of improving a threshold
voltage characteristic of a transistor can be provided.

The first conductive material layer may be formed to have
a generally umiform thickness. Also, the source material
layer may be formed to have a generally uniform thickness.
Therefore, the first element may be generally uniformly
diffused from a surface of the first conductive material layer
into the first conductive material layer. Therefore, because
the doped material layer 1s formed to have a generally
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uniform property, a distribution characteristic of the semi-
conductor device can be improved.

The gate according to the embodiments of the inventive
concept may include a gate electrode including the doped
material layer capable of improving a threshold voltage
characteristic of a transistor and a conductive matenal layer
capable of improving an electrical resistance characteristic
of the gate. The conductive material layer may be formed of
a conductive material having a lower resistivity than the

doped matenial layer.

The source material layer for supplying the first element
into the first conductive maternial layer may be formed so as
not to be directly 1n contact with the gate dielectric. Further,
the first element included 1n the source material layer may be
diffused into the first conductive material layer using a
thermal treatment process. Theretfore, the first element may
not be diffused into the gate dielectric. Therefore, by the
process ol diflusing the first element 1nto the first conductive
material layer, the electrical characteristic of the gate dielec-
tric may not be changed or the reliability thereof may not be
degraded. That 1s, while the electrical characteristic and
reliability of the gate dielectric are not degraded, the first
clement may be selectively diffused 1nto the first conductive
material layer to form the doped material layer. Therelore,
while the electrical characteristic and reliability of the gate
dielectric are not degraded, a method of changing an eflec-
tive work function of a material layer of the gate electrode
in contact with the gate dielectric can be provided.

Although a few embodiments have been described with
reference to the accompanying drawings, those skilled in the
art will readily appreciate that many modifications are
possible 1n embodiments without departing from the scope
of the inventive concept and without changing essential
features. Therefore, the above-described embodiments
should be considered 1n a descriptive sense only and not for
purposes ol limitation.

What 1s claimed 1s:

1. A method of forming a semiconductor device, com-
prising;:

forming a gate trench in an active region;

forming a gate dielectric on an inner wall of the gate

trench;

forming a conductive material layer on the gate dielectric;

forming an insulating bufller spacer on a side wall of the

gate trench and on the conductive material layer;
forming a source material layer on the conductive mate-
rial layer after forming the insulating bufler spacer, the
source material layer comprising a first element;
diffusing the first element into the conductive material
layer to form a doped material layer having a different
work function from the conductive matenal layer.

2. The method of claim 1, wherein the conductive material
layer 1s a first conductive matenal layer, the method further
comprising:

removing the source material layer after the forming of

the doped matenial layer; and

forming a second conductive matenal layer in the gate

trench on the doped material layer.

3. The method of claim 2, further comprising etching the
second conductive maternial layer and the doped material
layer to form a gate electrode,

wherein the gate electrode partially fills the gate trench.

4. The method of claim 1, wherein the gate dielectric does
not include the first element after the forming of the doped
material layer.
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5. The method of claim 1, wherein the doped material
layer 1s formed of a material 1n which the first element 1s
doped 1n a metal nitride,

the gate dielectric 1s formed of an oxide not including the

first element; and

the first element 1s an element on a periodic table of

elements, which decreases a work function of the metal
nitride.

6. The method of claim 1, wherein a doping concentration
of the first element 1n a first portion of the doped material
layer 1s higher than that of the first element 1n a second
portion of the doped material layer;

wherein the first portion 1s farther away from the gate

dielectric than the second portion.

7. The method of claim 1, wherein the doped material
layer comprises a WN material or TiN and the first element
comprises La.

8. The method of claim 1, wherein the doped material
layer covers side surfaces and a bottom surface of the
conductive material layer.

9. The method of claim 8, wherein an upper end portion
of the doped matenal layer 1s formed at a lower level than
an upper end portion of the conductive material layer
relative to the gate dielectric.

10. The method of claim 1, wherein the conductive
maternial layer 1s formed on the gate dielectric and partially
fills the gate trench.

11. A method of forming a semiconductor device, com-
prising;:

forming a gate trench configured to cross an active region;

forming a gate dielectric on an mner wall of the gate

trench;

forming an insulating bufler spacer on a portion of the

gate dielectric;

conformally forming a first conductive material layer on
the gate dielectric;

forming a second conductive material layer in the gate
trench, on the first conductive material layer;

forming a source material layer on the first and second
conductive material layers, the source matenial layer
comprising a first element, the insulating bufler spacer
being between the source material layer and the gate
dielectric;
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diffusing the first element into the first and second con-
ductive material layers to form first and second doped
material layers, respectively, the first doped material
layer having a diflerent work function from the first
conductive material layer; and

removing the source material layer formed on the first and
second doped material layers.

12. The method of claim 11, wherein the first doped

material layer has a lower work function than the first
conductive material layer.

13. The method of claim 11, wherein the first doped

material layer covers side surfaces and a bottom surface of
the second doped layer.

14. The method of claim 11, wherein the first doped

material layer 1s formed of a material with which the first
clement 1s doped 1n a metal nitride.

15. The method of claim 11, wherein the second doped
maternial layer 1s formed of a material with which the first
clement 1s doped 1n a metal material.

16. The method of claim 11, wherein the first doped

maternal layer comprises one of WN and TiN, and the second
doped layer comprises W; and

wherein the first element comprises La.

17. A method of forming a semiconductor device, com-
prising;:
forming a gate trench 1n an active region;

forming a gate dielectric on an inner wall of the gate
trench;

forming a conductive material layer on the gate dielectric;

forming a source material layer on the conductive mate-
rial layer, the source material layer comprising a first
element:;

diffusing the first element into the conductive material
layer to form a doped material layer having a different
work function from the conductive matenal layer;

removing the source material layer after the forming of
the doped matenial layer; and

partially etching the doped matenial layer to decrease a
thickness of the doped matenal layer.
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